MER. Action of secretagogues on a new preparation of functionally intact, isolated pancreatic acini. Am. J. Physiol. 235(s): E517-E524, 1978 or Am. J. Physiol. Endocrinol. Metab. Gastrointest.
Physiol. 4(5): E517-E524, 1978. -Isolated pancreatic acini were prepared by a new method from mouse and rat pancreases by digestion with purified collagenase and chymotrypsin followed by mechanical shearing. Acini were structurally similar to those of the intact pancreas, having a normal luminal structure but with the basal acinar cell membranes exposed to the incubation medium. Amylase release in response to both cholinergic analogues and the cholecystokinin analogues caerulein and pentagastrin was comparable to that of the intact pancreas, but was much greater than previously reported for isolated acinar cells. Cholinergic-stimulated release was inhibited by atropine with a Ki value of 1.4 nM which is comparable to other muscarinic receptors.
All agonists tested, when added at supramaximal concentrations, produced a submaximal release of amylase even though ATP levels and the release of slowly exchanging Waz+ were normal or increased. Acini releasing amylase submaximally after being exposed to supramaximal concentrations of carbachol failed to respond to a maximal amount of caerulein or to the Ca"+ ionophore A23187. It is concluded that the decreased response (desensitization) is a postreceptor phenomenon and possibly mediated by Caz+ itself. calcium; amylase; exocrine pancreas; mice A RECENT ADVANCE in the study of pancreatic function has been the development of techniques for preparing isolated pancreatic acinar cells. This method, developed by Amsterdam and Jamieson (1, 2) employs enzymatic digestion, divalent cation chelation, and mechanical shearing to produce isolated acinar cells. Minor modifications of this technique have been used to study the dependence of enzyme secretion on ions (7, 28), calcium fluxes (lo-12), binding of radiolabeled hormones (9), and interrelations of various hormones on amylase release (12). A problem with these studies in which isolated cells have been used, however, has been the reduced effects of secretagogues on enzyme release even though other parameters of cell function are normal (3, 12, 16, 28) . Although this failure of responsiveness has generally been attributed to a loss of plasma membrane receptors, it is also possible that the loss of the subcellular organization of the apical portion of the cell hinders the release of zymogen granule contents by exocytosis (27) . In this study, using a modified isolation technique1 we have prepared isolated pancreatic acini that are both structurally and functionally similar to the intact pancreas and used them to characterize amylase release stimulated by cholinergic agonists and hormones of the cholecystokinin family. A decreased response to supramaximal concentrations of agonists has been demonstrated that apparently takes place via a Ca2+-dependent mechanism rather than initially at the level of the receptor.
METHODS
Isolated pancreatic acini were prepared by a modification of the method of Amsterdam and Jamieson (1, 2) as used previously by us to prepare dissociated pancreatic a&nar cells (28). Starting-material was 0.9-1,2 g of pancreas obtained from 7 to 10 male white Swiss mice (20-24 g) or from 1 to 2 male Sprague -Dawley rats (250-350 g). Animals were fasted overnight (14-18 h) prior to use, decapitated between 9:OO and 1 1:oo A.M., and exsangu inated prior to removal of the pancreas. The basic medium used for isolation was a modified Krebs-Henseleit bicarbonate medium (KHB) to which soybean trypsin inhibitor and minimal Eagles medium amino acid supplement were added (&). Dissociation medium also contained 60-75 U/ml of purified collagenase, 0.03-0.05 mg/ml chymotrypsin (both from Worthington Biochemicals), and 1.8 mg/ml hyaluronidase (Sigma type l), and has a Ca2+ content of 0.1 mM? shown by Gunther Dissociation medium (5 ml) was injected into the parenchyma of the pancreas with a 27-g needle to distend the tissue, and the pancreases were shaken in a 25 ml polycarbonate Erlenemeyer flask for 10 min (120 cycles/ min) at 37". Excess medium was withdrawn and 5 ml fresh dissociation medium added, followed by incubation with shaking for another 35-40 min. Acini were then dissociated by sucking up and down through polypropylene pipettes (first with a 1.5-mm and then a 0.9-mm orifice) and filtered through a 150~pm mesh nylon cloth (Nytex) using an extra 10 ml of medium without enzymes but with 1% bovine serum albumin (fraction V, Miles Laboratories) as a rinse. Acini were purified by centrifugation (4 min at 50 x g) through KHB containing 4% bovine serum albumin with 0.5 mM CaCl, followed by washing with the same medium. Thereafter, the acini were suspended in N-Z-hydroxyethylpiperazine-N'-Z-ethanesulfonic acid (HEPES) buffered Ringer (HR) similar to KHB but without bicarbonate and containing 10 mM HEPES, pH 7.35, which was equilibrated with 100% 0,. Preincubation and incubation for determination of amylase release was as previously reported for isolated acinar cells (28). The Ca2+ concentration was reduced to 1.28 mM (half normal) as the acini responded normally and showed less tendency to clump. At the beginning of the incubation period, 1 ml of the acinar suspension was centrifuged at 10,000 rpm for 30 s in an Eppendorf microcentrifuge, and the medium was analyzed for amylase by the method of Rinderknecht (22) . This initial time 0 value was subtracted from values obtained after incubation to obtain amylase release during the incubation. The cell pellet was rinsed with ice-cold 0.9% NaCl and recentrifuged; 1 ml of water was added followed by brief sonication with a probe-type sonicator. An aliquot was diluted IO-fold with the incubation medium HR and assayed for protein and amylase activity.
Protein was assayed by the method of Lowry et al. (18) using bovine serum albumin as a standard.
Total amylase content was obtained by summing the values for the time 0 supernatant and pellet and was similar to values obtained by assaying an aliquot of the total suspension after freezing and thawing 4 times.
Release of amylase from pancreatic fragments was determined as in previous studies (26).
Ef&x of 45Ca2+ was measured after preincubation for 1 h in RR medium containing 2 &i/ml 45Ca2+C1, (New England Nuclear, 22.7 mCi/mg). Labeled acini were centrifuged in precooled tubes at 50 x g for 2 min, washed once with ice cold nonradioactive HR, and suspended in fresh HR at 37°C. For each flask duplicate samples were taken immediately (time O), stimulators were added as specified, and further duplicate samples taken at 1, 2, 5, 10, and 20 min. Acini were separated from the medium at each time by adding 0.5-ml aliquots to IO-ml ice-cold 0.9% NaCl with immediate suction filtration through a 3-pm pore size nucleopore filter followed by a rinse. Filters were placed in plastic tubes containing 2 ml water, sonicated, and samples taken for assay of 45Ca2+ by liquid scintillation counting and protein. The Ca2+ ionophore A23187 was a gift from Dr, Robert Hamill of Eli Lilly and was prepared as a 2 l lo-" M stock solution in ethanol (7).
RESULTS

Structure of isolated a&i.
When the enzymatic digesti acmar .on procedure for preparing isolated pancreatic ccl ls is shortened by elimination of the bivalent cation chelation step and the amount of enzymes reduced, isolated acini are produced. Figure 1 , A and B shows phase microscopic views of acini in incubation medium and a l-pm light micrograph section ( Fig. 10 . The preparation consists of clumps of cells with acinar configuration around slit-like lumens. Duct fragments and small islets of Langerhans are occasionally seen as contaminants but occur at a frequency of less than one per hundred acini. Because of the three-dimensional structure of the acini, it is impossible to accurately count cells. Trypan blue was normally almost totally excluded by acini. As shown in Fig. lC , the acinar configuration was retained with multiple lumens appearing in most sections. Almost all of the cells have an exposed basal membrane and border on the lumen. An occasional centroacinar cell was seen bordering on the acinar lumen. Figure 2 shows that both basal and apical portions of the cell are intact. The lateral margins of cells were closely apposed with the normal junctional complex at the apex. The luminal structures including microtubul .es and microfllaments were intact. Mitochondria retained their normal configuration.
Thus, structurally the present preparation can best be described as isolated acini. Whereas a few beta cells in islets and centroacinar cells in acini are present, the majority of cells are clearly identifiable as acinar cells and occur in a similar majority as in isolated pancreatic cell preparations (2, 11, 28 has been released into the medium. When the amylase released at 30 min is studied as a function of the concentration of carbachol (Fig. 3B ), maximal release is seen at 10e6 M; at higher concentrations amylase release is submaximal. Figure 4 shows pooled, normalized data for amylase release in response to two muscarinic cholinergic agonists and compares the response seen when isolated acini were used to that obtained with pancreatic fragments.
The concentration dependence of amylase release is strikingly similar in both preparations with maximal release at 1. lop6 M for carbachol and 3 * lop5 M for bethanechol.
Both preparations show the reduced response at supramaximal agonist concentrations previously reported (26). Figure 5 confirms that the cholinergic receptor is competitively inhibited by atropine. The dose-response curves were shifted about threefold by 3. 10mg M atropine (3 experiments) and, in one experiment, fivefold by 1. 10ms M atropine.
Assuming the stimulation by carbachol of amylase release, up to the maximal release, is mediated by a single receptor, a Ki of 1.4 + 0.1 nM can be calculated for atropine. This is similar to values calculated for other muscarinic cholinergic receptors (20) . The cholecystokinin receptor was tested using two analogues, caerulein that has a potency greater than cholecystokinin and pentagastrin that is much weaker (15). This relationship is retained for isolated acini as shown in Fig. 6 where results are also compared to experiments measuring release from pancreatic fragments. Results with pentagastrin show parallelism between fragments and acini with maximal amylase release at lO-'j M. Caerulein stimulated amylase release from acini was maximal at 7.7.10-l' M (0.1 ng/ ml), whereas the response of fragments was less sensitive with a more gradual dose-response relationship not reaching a maximum until 7.7 * lo-lo M. The maximum magnitude of amylase release from acini in response to either caerulein or gastrin was identical to that seen with cholinergic agonists; with both types of secretagogues release was inhibited at supramaximal agonist concentrations.
As expected, the response to caerulein or pentagastrin
was not inhibited by atropine tested at a concentration of 3 * 1O-6 M (data not shown). The consistency of this preparation is illustrated by the pooled data from a number of experiments. For acini prepared from the mouse pancreas, (n = 21), basal amylase release was 4.3 f 0.3%/30 min with a 341 ? 16% increase in response to maximal stimulation. In a few experiments, acini were prepared from rat pancreases (n = 7). Whereas the caerulein dose-response was similar to that for mice, the response to carbachol was more gradual with maximal release at there was also no additivity when maximal concentrations of both agonists were added. This data is consistent with the model of two different receptors (muscarinic cholinergic and that responsive to the cholecystokinin family) both coupled to a common effector mechanism.
The interrelationship of supramaximal doses of agonists is shown in Fig. 7 . Not only does a supramaximal concentration of carbachol lead to a diminished release of amylase but it also inhibits the response to caerulein. That this inhibitory effect is a postreceptor phenomenon is shown by the fact that the response to Ca2+ plus (set at 100% concentration of agonists could be due to inhibition of Ca2+ release. That this is not the case is shown by Fig.  8 , Isolated acini were preloaded with 45Ca2+ and release was monitored in the presence and absence of carbachol; the increased release induced by carbachol is qualitatively similar to that previously described for isolated pancreatic cells (II). The important observation is that supramaximal concentrations of carbachol are equally or even more effective on 2+Ca efflux than the concentration (lo-" M) that elicits maximal amylase release.
DISCUSSION
The present study describes the structure and secretory response of a new preparation for studying pancreatic function, the isolated pancreatic acinus. The usefuless of the preparation is due to the fact that the pancreatic cells have their basal surface exposed so that hormone, drug, or metabolite fluxes or binding can be measured while at the same time the preparation retains the ability to release enzymes when stimulation is appropriate. The preparation allows multiple identical samples to be obtained during the course of a particular reaction. Elsewhere, we have reported studies using these acini to measure uptake of glucose (17) and suspended acini in a cuvette for use with fluorescent probes (8).
The initial part of this study documents the characteristics of secretagogue-induced amylase release and confirms that secretagogue receptors are intact by showing that the concentration dependence and analogue sensitivity of dissociated acini are similar to those of intact pancreatic fragments, Thus, on functional grounds, the digestion procedure used has not caused loss of receptors. The major secretagogues activating pancreatic enzyme release interact with two classes of receptors, the muscarinic cholinergic receptor and that activated by cholecystokinin and its analogues, caerulein, cholecystokinin-octapeptide, gastrin, and pentagastrin (25, 26) . Secretin, which will stimulate moderate amylase release in some but not all species (23), has not been considered here. Whereas cholinergic and hormonal receptors can be distinguished by their differential sensitivity to atropine, the subsequent steps including depolarization and calcium release are similar and believed to culminate in a rise in cytoplasmic Ca"+, which causes release of zymogen granule contents by exocytosis (6, 19) .
It is also probable that the improved response to secretagogues seen in the present study is a result of factors other than intact receptors. It is our hypotheses that normal release by a polarized, exocrine cell requires the preservation of luminal structures that re- If this were a receptor defect, these cells should respond to the Ca2+ ionophore A23187, which bypasses the earlier steps in stimulation of secretion (29). However, the response to A23187 usually parallels the relative response to cholinergic agonists (unpublished data). Thus, it seems likely that the better functional response of isolated pancreatic acini compared to isolated cells involves better preservation of both receptor and effector (secretory) mechanisms. The ability to quantitate graded responses in amylase release has enabled us to study the mechanism of the reduced responses to supramaximal doses of secretagogues. All of the secretagogues tested showed approximately a 50% decrease in amylase release over 30 min as compared to the maximal response when the agonist concentration was increased lo-fold. We previously showed this was due to a rapid decline in the rate of amylase release after the initial few minutes of secretagogue-induced release (26). This decreased physiological response to the continued presence of agonists has been variously termed "desensitization," "tachyphylaxis,"
or "tolerance. " The present results do not appear to fit a scheme solely involving changes in the property of a receptor in that a decreased response to one agonist, such as carbachol, inhibits the response to caerulein, which interacts with a different receptor. That this is a postreceptor phenomenon is also suggested by the fact that the response to Ca"+ introduced by the ionophore, A23187, is also inhibited (Fig. 7B) . The inhibition of the ionophore effect would also seem to eliminate the possibility that inhibition is due to the depletion of the releasable pool of intracellular Ca2+. It has been postulated that such a mechanism accounts for the recently described cross-desensitization between carbachol, phenylephrine, and substance P acting to increase ssRb+ efflux from rat parotid slices (21). Because the Ca2+ release curve measured with 45Ca2+ (Fig. 8) mum at higher agonist concentrations than required for maximal amylase release and that these maximal levels of Ca2+ either directly or indirectly inhibit amylase release. Some support for this concept is provided by our recent finding of a Ca2+-dependent function in pancreatic acini, the stimulation of glucose transport, that reaches a maximum at higher agonist concentrations than are necessary for maximal amylase release (17). Thus, if carbachol were to increase intracellular Ca2+ with a threshold concentration of lop7 M and reach a maximum at l-3 l lop5 M, various Ca2+-dependent functions could be activated at different Ca2+ levels depending on the affinity of their Ca2+ receptor. It is possible that the mediation of some of these effects could be by either cyclic GMP or the Ca2+-dependent regulatory protein known to activate phosphodiesterase (30). Whereas the inhibition of Ca2+-activated amylase release by high concentrations of secretagogues could be due to a low affinity receptor acting separately, a simpler explanation would be that the high level of cytoplasmic Ca 2+ itself inhibits release. 
